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ABSTRACT 
- 
Nickel Hydrogen technology i s  broadening t o  meet t h e  expanding 
power requirements of t h e  aerospace indus t ry .  Th i s  i s  occurr ing  
not  only wi th  t h e  ind iv idua l  p re s su re  v e s s e l  (IPV), a s  exemplif ied 
by t h e  MILSTAR 70AH c e l l  development and t h e  A i r  Force Advance 
Development 4.5 inch diameter  c e l l  i n i t i a t i v e ,  bu t  a l s o  wi th  mult i -  
c e l l  common p res su re  v e s s e l  development sponsored by NASA (Lewis Research 
Center) .  This  l a t t e r  e f f o r t  is being performed by Ford Aerospace wi th  
Yardney Ba t t e ry  Div is ion  support ing (1) .  
The p re fe r r ed  approach of t h e  NASA development e f f o r t  u t i l i z e s  a  
b i p o l a r  p l a t e  s tacking  arrangement t o  ob ta in the  requi red  vol tage-  
capac i ty  conf igura t ion .  I n  a  b i p o l a r  s t ack ,  component designs must 
t ake  i n t o  account n o t  only t h e  t y p i c a l  des ign  cons ide ra t ions  such a s  
vo l t age ,  capac i ty  and gas management, bu t  a l s o  conduct iv i ty  t o  t h e  
b i p o l a r  ( i . e . ,  i n t e r c e l l )  p l a t e .  The n i c k e l  and hydrogen e l e c t r o d e  
development s p e c i f i c a l l y  addressing b i p o l a r  c e l l  opera t ion  i s  t h e  
sub jec t  of t h i s  paper. 
Nickel oxide e l ec t rodes ,  having v a r i a b l e  type  g r i d s  and i n  thick-  
nes ses  up t o  ,085 inch a r e  being f a b r i c a t e d  and cha rac t e r i zed  t o  provide 
a  d a t a  base.  A s e l e c t i o n  w i l l  be  made based upon a  system l e v e l  t rade-  
o f f .  Negative (hydrogen) e l e c t r o d e s  a r e  being screened t o  s e l e c t  a  
high performance e l e c t r o d e  which can func t ion  a s  a  b i p o l a r  e l ec t rode .  
Present  n i c k e l  hydrogen nega t ive  e l e c t r o d e s  a r e  n o t  capable 'o f  conducting 
cu r ren t  through t h e i r  cross-sect ion.  An e l e c t r o d e  has  been t e s t e d  
which e x h i b i t s  low charge and d ischarge  p o l a r i z a t i o n  vo l t ages  and a t  
t he  same time i s  conductive. Tes t  d a t a  i s  presented.  
INTRODUCTION 
Nickel hydrogen c e l l  technology i s  c u r r e n t l y  being u t i l i z e d  a s  t h e  
b a s i s  upon which many of t h e  new s a t e l l i t e  power systems a r e  pred ica ted .  
Current IPV c e l l s  have p l a t e s  connected i n  p a r a l l e l  t o  provide an ampere 
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hour (AH) capac i ty  which is  t h e  sum of t h e  p l a t e  c a p a c i t i e s ,  and 
e x h i b i t  t h e  c h a r a c t e r i s t i c  couple v o l t a g e  (about  1.2V). C e l l s  a r e  
grouped i n  a  s e r i e s  s t r i n g  t o  y i e l d  a  h ighe r  v o l t a g e  b a t t e r y .  The t o t a l  
a v a i l a b l e  power is t y p i c a l l y  under 2KW. The MILSTAR s a t e l l i t e  program 
i s  r equ i r ing  t h e  development of a  70AH c e l l  c a p a b i l i t y  wi th  a  growth 
p o t e n t i a l  t o  100AH, thereby advancing t h e  s tate-of- the-ar t  from t h e  
c u r r e n t  50AH pla teau .  I n  add i t i on ,  t h e  USAF h a s  i n i t i a t e d  an  advanced 
development e f f o r t  which seeks  t o  o b t a i n  a h ighe r  capac i ty  c e l l  by 
inc reas ing  t h e  c e l l ' s  diameter from 3.5 inches t o  4.5 inches.  Th i s  
should a l low h ighe r  c a p a c i t i e s ,  poss ib ly  up t o  200AH, t o  be  a t t a i n a b l e  
w i t h i n  a  pas s ive ly  cooled i n d i v i d u a l  p re s su re  ves se l .  
NASA (Lewis Research Center) h a s  i d e n t i f i e d  n i c k e l  hydrogen technology 
a s  a  p o t e n t i a l  candida te  t o  meet t h e  mult i -ki lowatt  power requirements  of 
planned f u t u r e  missions (2 ) .  To meet t h e s e  h ighe r  power demands i n  an 
e f f i c i e n t  manner, NASA i s  n o t  r e l y i n g  on t h e  e x i s t i n g  ind iv idua l  p re s su re  
v e s s e l  approach, b u t  has  embarked on exp lo ra t ion  of l a r g e  common p res su re  
v e s s e l  des igns  ( 3 ) .  These design approaches have been t h e  s u b j e c t  of 
s e v e r a l  pub l i ca t ions  t o  d a t e  (4-7). Because of t h e  s i z e  of t h e  eventua l  
b a t t e r y  (150V, 75AH) and d e r i v a t i v e s  t he reo f ,  t h e  design w i l l  r e q u i r e  
a c t i v e  cool ing t o  maintain t h e  s t a c k  components w i th in  a  5OC range during 
t h e  course  of t h e  low e a r t h  o r b i t  duty cyc le .  Th i s  i s  a marked depa r tu re  
from pass ive  cool ing u t i l i z e d  i n  t h e  p re sen t  n i c k e l  hydrogen c e l l  technology. 
The p re fe r r ed  s t a c k  approach, based on p ro j ec t ed  supe r io r  vo l t age ,  
capac i ty  and r e l a t i v e  s i m p l i s t i c  design,  is  t h e  b i p o l a r  arrangement shown 
i n  F igu re  1. This  h a s  however n e c e s s i t a t e d  a  t a i l o r i n g  of t h e  component 
design and i n  many in s t ances ,  new developments. 
This  paper r e p o r t s  t h e  s t a t u s  of n i c k e l  oxide and hydrogen e l e c t r o d e  
development being performed under t h e  f i r s t  t a s k ,  e n t i t l e d  I n i t i a l  Design, 
of t h e  NASA funded e f f o r t .  - - 
NICKEL OXIDE ELECTRODE INVESTIGATION 
The key d e s i r a b l e  a t t r i b u t e s  of t h e  n i c k e l  oxide e l e c t r o d e  a r e  a s  
fol lows:  
high energy dens i ty  and s p e c i f i c  power 
cyc l e  l i f e  t o  achieve  mission goa l s  
t h i c k  e l e c t r o d e s  e x h i b i t i n g  high performance 
conduct iv i ty  wi th  t h e  b i p o l a r  p l a t e  
The f i r s t  two a t t r i b u t e s  a r e  r equ i r ed  i n  a l l  aerospace designs.  The 
t h i r d ,  a  h igh  performance t h i c k  e l e c t r o d e ,  i s  p a r t i c u l a r l y  important wi th  
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Figure 1. Bipolar Cell Stack Schematic 
a b i p o l a r  con f igu ra t ion  because a r educ t ion  i n  p l a t e  a r e a  r e s u l t s  i n  
a  complimentary reduct ion  i n  a n c i l l a r y  component weight  (e .  g., cool ing  
system, b i p o l a r  p l a t e ,  e l e c t r o l y t e  r e s e r v o i r  p l a t e ,  e t c . )  assuming 
an  e l e c t r o d e  e f f i c i e n c y  independent of th ickness .  The f o u r t h  d e s i r a b l e  
a t t r i b u t e ,  conduct iv i ty  of t h e  n i c k e l  e l e c t r o d e  wi th  t h e  b i p o l a r  p l a t e  
was, a t  t h e  program's incept ion ,  a  key development ques t ion .  The 
concern was t h a t  oxide formation on t h e  b i p o l a r  p l a t e  dur ing  overcharge 
would render  t h e  i n t e r f a c e  l e s s  conduct ive and thereby i n e f f i c i e n t .  
Assessment of t h e a v a i l a b l e n i c k e l  oxide e l e c t r o d e  types  r e l a t i v e  
t o  a  proper s e l e c t i o n  can only b e  made wi th  t h e  t o t a l  system i n  mind. 
I n  p a r t i c u l a r ,  t h e  s e l e c t i o n  must b e  based on t h e  optimum 75AH b a t t e r y  
weight and volume a t t a i n a b l e  a s  a  func t ion  of n i c k e l  e l e c t r o d e  th ickness .  
For example, a  minimal capac i ty  ga in ,  when t r a n s l a t e d  i n  a n c i l l a r y  
component weight savings,  may b e  advantageous i n  s p i t e  of t h e  s m a l l  
corresponding capac i ty  i n c r e a s e  wi th  th ickness .  
To a r r i v e  a t  an  e l e c t r o d e  d a t a  base  such t h a t  t h e  type  of t rade-off  
descr ibed  above can be made, c h a r a c t e r i z a t i o n  t e s t s  a r e  be ing  performed 
on a  number of e l e c t r o d e  types.  These types  inc lude  g r i d  v a r i a t i o n s  
( e i t h e r  sc reen  o r  exmet), v a r i a b l e  number of g r i d s  pe r  e l e c t r o d e  ( e i t h e r  
1 o r  2 ) ,  and f i n a l l y  v a r i a b l e  e l e c t r o d e  th i ckness  (up t o  .085 inch ) .  
A l l  e l e c t r o d e s  have been f a b r i c a t e d  employing a  s l u r r y  method t o  manu- 
f a c t u r e  s i n t e r e d  plaque and an aqueous e lec t rochemica l  impregnation t o  
depos i t  t he  a c t i v e  m a t e r i a l  w i t h i n  t h e  plaque. 
Cha rac t e r i za t ion  cyc l ing  of t h e s e  e l e c t r o d e s  i s  being c a r r i e d  ou t  
i n  a  n i cke l  hydrogen b i p o l a r  test c e l l .  To ensure  c o n s i s t e n t  v o l t a g e  
measurements, a  gold-plated,  n i c k e l  b i p o l a r  p l a t e  is  being u t i l i z e d  and 
n i c k e l  e l e c t r o d e  vo l t ages  a r e  recorded ve r sus  a  hydrogen (plat inum) r e f e r -  
ence e l ec t rode .  Cha rac t e r i za t ion  of each e l e c t r o d e  type  i s  being 
performed a t  two charge r a t e s  (15 and 100 mA/cm2) and f o u r  d i scha rge  
r a t e s  (15, 50, 100 and 150 rnLi/cm2). A t e n  percent  overcharge i s  used i n  
a l l  i n s t ances  and d ischarges  a r e  terminated a t  1.0 v o l t s  f o r  purposes of 
capac i ty  c a l c u l a t i o n .  
Data obtained f o r  sc reen  g r i d  type  e l e c t r o d e s  i s  shown i n  F igu res  
2 and 3 .  Figure  2 i l l u s t r a t e s  t h e  capac i ty  obtained a s  a  f u n c t i o n  of 
d i scharge  cu r r en t  dens i ty  f o r  v a r i o u s  e l e c t r o d e  th ickness .  A l l  charges  
were a t  15  mA/cm2 and t h e  ambient temperature was maintained a t  20 + 3OC. 
It i s  apparent  t h a t  t h e  dependence of capac i ty  i s  r e l a t i v e l y  independent 
of d i scharge  r a t e  f o r  a l l  th icknesses  i nves t iga t ed .  I t  should be  noted 
t h a t  t h e  c a p a c i t i e s  obtained a t  t h e  lowest  d i scharge  r a t e  a r e  v i r t u a l l y  
i d e n t i c a l  t o  t h e  t h e o r e t i c a l  va lues  c a l c u l a t e d  from a c t u a l  a c t i v e  m a t e r i a l  
weight gain.  
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Figure 2. Nickel Electrode Capacity vs Discharge Rate 
Figure  3 i l l u s t r a t e s  t h e  dependence of p l a t e  capac i ty  a s  a func t ion  
of  charge  c u r r e n t  d e n s i t  f o r  v a r i o u s  e l e c t r o d e  th icknesses .  A l l  d i s -  3 charges  were a t  50 mA/cm . Although only  two charge c u r r e n t  d e n s i t i e s  
(i .e., 15  and 100 mA/cm2) were used t o  g e n e r a t e  t h e  curves ,  t h e  nega t ive  
i n f l u e n c e  of h i g h e r  charge c u r r e n t  d e n s i t i e s  w i t h  inc reas ing  th i ckness  
is apparent .  
Table  I i l l u s t r a t e s  t h e  r equ i r ed  charge and d ischarge  regime of a 
75AH b a t t e r y  ope ra t ing  i n  a Low Ear th  O r b i t  as a func t ion  of depth of 
d i scha rge  (DOD). The d i scha rge  r a t e  is  p red ica t ed  on having a t o t a l  p l a t e  
a r e a  of 1238 square  cen t ime te r s  and a d i scha rge  t i m e  of 35 minutes.  The 
charge r a t e  assumes a 1.10 charge inpu t  t o  d ischarge  output  ( i . e . ,  C t o  D) 
r a t i o  and an  al lowed charge t i m e  of 55 minutes. It can be  seen t h a t  f o r  
o p e r a t i o n  a t  80% DOD, a d i scha rge  c u r r e n t  d e n s i t y  of 83 m~/cm2 i s  r equ i r ed  
t o  remove t h e  60AH i n  t h e  allowed t i m e .  Fur ther ,  t o  r e t u r n  t h a t  taken 
o u t  p l u s  10% (i .e. ,  66AH) i n  55 minutes  r e q u i r e s  a charge c u r r e n t  dens i ty  
of 58.1 nA/cm2. By d e f i n i t i o n ,  t h e  b a t t e r y  would be  r a t e d  employing 
t h e s e  80% DOD r a t e s  by d ischarg ing  t o  1.OV. 
To examine t h e  performance of a b i p o l a r  c e l l  under v a r i o u s  cond i t i ons  
i d e n t i f i e d  i n  Table  I, a .079 inch  t h i c k  n i c k e l  e l e c t r o d e  (denoted type  
A12) was assembled as shown i n  F igure  1. The b i p o l a r  p l a t e s  were n i c k e l  
and a n  0.04 inch  t h i c k  e l e c t r o l y t e  r e s e r v o i r  p l a t e  was in te rposed  between 
t h e  n i c k e l  e l e c t r o d e  and t h e  b i p o l a r  p l a t e .  The a c t u a l  end-of-charge 
and end-of-discharge vo l t ages  of t h e  n i c k e l  e l e c t r o d e  v e r s u s  a hydrogen 
(platinum) r e f e r e n c e  e l e c t r o d e  a r e  g iven  i n  Table I. Data obta ined  a t  
20°C i s  presented  f o r  40 and 80% DOD and a t  10°C f o r  an  80% DOD. Continued 
d ischarge  a t  t h e  80% DOD r a t e  and 10°C y ie lded  an equiva len t  b a t t e r y  
capac i ty  of 87AH. The v o l t a g e  d a t a  was recorded fol lowing 20 such cyc le s  
and h a s  shown t h a t  t h e  conduc t iv i ty  of t h e  n i c k e l  e l e c t r o d e  t o  t h e  b i p o l a r  
p l a t e  i s  no t  a f f e c t e d  by cyc l ing .  
The key d e s i r a b l e  a t t r i b u t e s  f o r  a hydrogen e l e c t r o d e  ope ra t ing  i n  
a b i p o l a r  c e l l  con f igu ra t ion  a r e  a s  fol lows:  
low p o l a r i z a t i o n  on charge and d ischarge  
(<25 mV a t  1 5  mA/cm2) 
c y c l e  l i f e  t o  achieve  mission goa l s  
conduc t iv i ty  through t h e  e l e c t r o d e ' s  c ross -sec t ion  
The f i r s t  two a t t r i b u t e s  a r e  common t o  a l l  aerospace app l i ca t ions .  
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Table I. LEO CHARGEIDISCHARGE PERFORMANCE VERSUS PERCENT DOD FOR A 75 AHR BATTERY 
D I SCHARGE CHARGE ACTU A L S ~  
% DOD AHR DEL'D. RATE (MA/CM') AHR RET 'D . RATE ( M A / C M ~  ) EOCV EODV 
(1) CHARGE T I M E  OF 55 MINUTES FOLLOWED BY A 35 MINUTE DISCHARGE 
(2) POSITIVE PLATE AREA I S  1 2 3 8  C M ~  
(3)  ELECTRODE A12 I N  A BIPOLAR CONFIGURATION @ 2 O 0 C , ~ ~ ~ T A G E  M ASURED VS H2 REFERENCE 
i SAME AS (3)  BUT AT l c ° C  
The commonly employed a e r o s p a c e  hydrogen e l e c t r o d e  h a s  demonstra ted 
bo th  low p o l a r i z a t i o n  and good c y c l e  l i f e .  However, s i n c e  i t  h a s  a  
non-conductive hydrophobic  backing,  i t  is  n o t  s u i t a b l e  f o r  u s e  i n  a  
b i p o l a r  c o n f i g u r a t i o n .  The p o l a r i z a t i o n  performance of t h i s  t y p e  of 
e l e c t r o d e  can s e r v e  as a benchmark upon which t o  g r a d e  o t h e r  e l e c t r o d e  
types .  
S e v e r a l  t y p e s  of a v a i l a b l e  F u e l  C e l l  e l e c t r o d e s  were  t e s t e d .  
These e l e c t r o d e s  were  a t t r a c t i v e  s i n c e  they  a r e  c o n d u c t i v e  through t h e i r  
c r o s s - s e c t i o n  and s i n c e  t h e y  have demonstra ted long-term o p e r a t i o n a l  l i f e .  
E l e c t r o d e s  rang ing  i n  p la t inum l o a d i n g  from 0.5 t o  1 2  mg/cm2 have  been 
t e s t e d ,  I t  was found t h a t  a l t h o u g h  v o l t a g e  performance on c h a r g e  was 
adequa te ,  v o l t a g e  performance on d i s c h a r g e  was v a r i a b l e  a t  b e s t .  T h i s  
l a t t e r  b e h a v i o r  a p p e a r s  t o  r e s u l t  from f l o o d i n g  of t h e s e  e l e c t r o d e s  w i t h  
t h e  p r o d u c t i o n  of H 2 0  d u r i n g  d i s c h a r g e .  T h i s  t ended  t o  make t h e  v o l t a g e  
u n s t a b l e ,  i n c r e a s i n g  a s  t h e  d i s c h a r g e  proceeded. A t h i r d  t y p e  of e l e c t r o d e ,  
developed a t  Yardney s p e c i f i c a l l y  f o r  b i p o l a r  u s e ,  was t e s t e d .  I t s  charge  
and d i s c h a r g e  v o l t a g e  performance i s  shown i n  F i g u r e  4. 
The performance of hydrogen e l e c t r o d e s  t e s t e d  showed a  dependence on 
hydrogen p r e s s u r e ,  w i t h  improved.performance cor responding  t o  h i g h e r  
hydrogen p r e s s u r e s .  For  t h a t  r eason ,  charge  and d i s c h a r g e  c u r v e s  are 
p r e s e n t e d  a t  two p r e s s u r e s  ( i . e . ,  100 and 600 PSIG). These p r e s s u r e s  a r e  
p r o j e c t e d  t o  b e  c l o s e  t o  t h e  e v e n t u a l  b a t t e r y  end-of-discharge and end-of- 
charge  p r e s s u r e s ,  r e s p e c t i v e l y .  Charge and d i s c h a r g e  p o l a r i z a t i o n  c u r v e s  
f o r  t h e  s t a n d a r d  a e r o s p a c e  e l e c t r o d e  are a l s o  g i v e n  as a  b a s i s  f o r  
comparison. 
A s  can be  s e e n  from T a b l e  I ,  t h e  f u l l  75AH b a t t e r y  i s  p r o j e c t e d  t o  2 
o p e r a t e  atmaximum c h a r g e  and d i s c h a r g e  c u r r e n t  d e n s i t i e s  of 58 and 83 mA/cm , 
r e s p e c t i v e l y .  A n t i c i p a t e d  hydrogen e l e c t r o d e  p o l a r i z a t i o n  a t  t h e s e  c u r r e n t  
d e n s i t i e s ,  t a k e n  from F i g u r e  4 ,  a r e  abou t  35 and 60 mV. 
Nicke l  e l e c t r o d e  c h a r a c t e r i z a t i o n  is proceeding.  E l e c t r o d e s  hav ing  
t h i c k n e s s e s  of up t o  .085 inch  have been f a b r i c a t e d  employing s l u r r y  p laque  
and e l e c t r o c h e m i c a l  impregna t ion  t echn iques .  The dependence of c a p a c i t y  
.on d i s c h a r g e  c u r r e n t  d e n s i t y  h a s  shown t h u s f a r  t o  b e  minimal,  whereas t h e  
dependence on charge  c u r r e n t  d e n s i t y  i s  s i g n i f i c a n t  f o r  t h e  t h i c k e r  
e l e c t r o d e s .  Data ,  t y p i f i e d  by t h a t  p r e s e n t e d  above,  w i l l  b e  g e n e r a t e d  f o r  
a d d i t i o n a l  e l e c t r o d e  t y p e s .  T h i s  d a t a  b a s e  w i l l  b e  employed i n  t r ade-of f  
s t u d i e s  t o  make an  e l e c t r o d e  s e l e c t i o n  y i e l d i n g  t h e  optimum b a t t e r y .  
Candida te  hydrogen e l e c t r o d e s  h a v e  been i n v e s t i g a t e d .  T a b l e  I1 sum- 
mar izes  t h e  f i n d i n g s  t o  d a t e .  The a e r o s p a c e  t y p e  e l e c t r o d e  was d i smissed  
f o r  l a c k  of c o n d u c t i v i t y  through i t s  c r o s s - s e c t i o n .  The f u e l  c e l l  t y p e  
e l e c t r o d e s  were found d e f i c i e n t  i n  d i s c h a r g e  performance,  e x h i b i t i n g  ev idence  
of f l o o d i n g .  A t h i r d  e l e c t r o d e  type ,  developed by Yardney, a p p e a r s  t o  b e  
s u i t a b l e ,  b u t  must b e  t e s t e d  t o  de te rmine  i t s  l i f e  c y c l e  c a p a b i l i t y .  

Table 11. HYDROGEN ELECTRODE ASSESSMENT 
I ASSESSRENT OF CHARACTERISTIC 
ELECTPODE TYPE 
t 1. STATE-OF-ART AEROSPACE (~MG/CM'  
4 
2, FUEL CELL ELECTRODES 
3, YARDNEY BIPOLAR ELECTRODE 
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